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abstraCt
A	 series	 of	 flight	 tests	 has	 been	 performed	 to	 assess	 the	 structural	 survivability	 of	 space	
shuttle	 external	 tank	 debris,	 known	 as	 divots,	 in	 a	 real	 flight	 environment.	The	NASA	F-15B	
research	 test	bed	aircraft	carried	 the	Aerodynamic	Flight	Test	Fixture	configured	with	a	shuttle	
foam	divot	 ejection	 system.	The	divots	were	 released	 in	flight	 at	 subsonic	 and	 supersonic	 test	
conditions.matching.points.on.the.shuttle.ascent.trajectory ..Very.high-speed.digital.video.cameras.
recorded	the	divot	trajectories.	The	objectives	of	the	flight	test	were	to	determine	the	structural	













































phenomenon	 (ref.	 1).	The	 shuttle	 external	 tank	 thermal	 protection	 system	 (TPS)	 consists	 of	 a	
spray-on.insulating.foam ..The.TPS.protects.the.tank.from.heating.during.shuttle.ascent.and.reduces.
the	formation	of	ice	after	the	tank	is	filled	with	cryogenic	propellants.
One. of. the. TPS. failure. modes. involves. cohesive-adhesive. strength. failure. of. the. foam ..
Because.of.imperfections.in.the.external.tank.foam.application,.air.is.trapped.in.voids.underneath.
the.foam ..During.ascent,.decreasing.atmospheric.pressure.causes.an.increasing.pressure.differential.








these. investigations,.a. typical.divot.has.a.conical. frustum.shape.with.a.base.diameter.of.many.
inches ..Because.the.TPS.foam.density.is.roughly.2.lbm/ft3.(32 .04.kg/m3),	the	divot	mass	typically	
is.very.low .
(a) Divoting near forward bipod area from STS-114.
(b) Typical shed foam debris known as a divot.
Figure 1. Cohesive-adhesive strength failure of shuttle external tank insulating foam.
4From. these. typical.divot. shapes.and. sizes,. aerodynamic.and. structural.divot.models.have.
been. developed. for. use. in. computational. tools. to. predict. the. divot. trajectories ..To. understand.
divot	“flight”	after	shedding,	a	critical	unknown	must	be	answered:	does	the	divot	trim	(that	is,	
assume	a	stable	orientation	with	respect	to	the	free-stream	flow)	or	tumble?	The	aerodynamics	of	
the	 trim	configuration	as	opposed	 to	 the	 tumble	configuration	significantly	 influences	 the	divot	
trajectory	and	cross	range.	Ultimately	this	configuration	translates	into	where	the	shuttle	orbiter	
can.be.struck.by.a.divot.from.the.external. tank ..Another.critical.unknown.is.whether. the.divot.
remains.structurally.intact.or.fragments.after.release .
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AFTF with two




The	 primary	 objective	 of	 the	 flight	 tests	 was	 to	 determine	 the	 structural	 survivability	 of	
the	 divots	 in	 a	 real	 flight	 environment,	 matching	 the	Mach	 number	 and	 dynamic	 pressure	 at	
discrete. points. along. the. shuttle. ascent. trajectory ..Very. high-speed. digital. video. cameras.were.
used. to. visually. assess. the. structural. survivability. of. the. divot ..The. stability. of. the. divot. trim.
configuration	 as	 opposed	 to	 the	 divot	 tumble	 configuration	 also	 was	 assessed.	 A	 secondary	
objective.was.to.quantify.the.divot.trajectories.through.the.use.of.photogrammetry.techniques .
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The	AFTF	 complements	 the	 current	 inventory	 of	 F-15B	 experimental	 flight	 test	 fixtures,	














The. high-speed. digital. video. was. recorded. on. board. the. aircraft .. Real-time. video. was.











Details. of. the. control. panel. switches. and. operation. are. provided. in. the. succeeding. section,.
“Synchronization.System .”





fabricated,.ground. tested,. and.evaluated ..Three.of. these. systems,. the.burst.disk,.needle-guided.






























The high-speed camera system was used to obtain digital video of the divots ejected from the 
AFTF. The camera heads were housed inside two camera pods mounted on the left side fuselage 
missile rails of the F-15B aircraft. The next section, “High-Speed Digital Video Camera System,” 
presents an overview of the high-speed camera and synchronization systems. Reference 6 (to be 
































1 0 .71 20,012 330 .0 0 .70 20,007 337 .5 329 .7 6 .8 55 .2 53 .1
0 .71 20,021 329 .8 0 .70 20,032 337 .5 329 .8 6 .7 52 .0 51 .3
0 .72 20,020 332 .0 0 .71 20,050 341 .2 332 .2 6 .7 51 .1 49 .5
0 .72 10,240 398 .0 0 .71 10,432 509 .7 401 .4 9 .9 86 .8 89 .4
0 .71 10,245 396 .3 0 .71 10,422 505 .2 399 .1 9 .9 85 .9 84 .0
0 .72 10,243 398 .7 0 .71 10,436 510 .3 401 .7 9 .9 87 .7 89 .4
2 0 .71 10,224 396 .8 0 .71 10,395 506 .5 399 .7 10 .0 88 .1 86 .5
0 .72 10,215 399 .9 0 .72 10,405 512 .8 402 .9 9 .9 88 .1 85 .6
0 .71 10,223 397 .2 0 .71 10,407 507 .1 400 .0 9 .9 87 .2 83 .8
0 .61 7,749 350 .9 0 .61 7,940 406 .3 354 .9 10 .9 79 .6 78 .2
0 .61 7,741 352 .7 0 .61 7,950 410 .4 357 .0 10 .9 79 .6 78 .7
0 .60 7,698 347 .2 0 .60 7,818 396 .8 349 .7 11 .0 79 .2 76 .9
3 1 .22 28,483 501 .7 1 .23 28,926 700 .6 506 .0 4 .6 63 .9 58 .8
1 .22 28,471 502 .8 1 .23 28,832 701 .9 506 .4 4 .6 62 .6 62 .0
1 .21 28,469 500 .6 1 .23 28,932 698 .6 505 .4 4 .6 63 .9 62 .5
1 .21 28,469 496 .6 1 .22 28,986 687 .2 501 .7 4 .6 68 .4 66 .7
1 .21 28,467 499 .2 1 .22 28,898 692 .6 503 .4 4 .6 69 .3 67 .6
1 .21 28,470 496 .4 1 .22 28,963 684 .6 500 .8 4 .6 69 .3 67 .6
4 1 .57 38,293 536 .6 1 .63 40,206 722 .9 552 .9 2 .7 108 .1 110 .6
1 .57 38,286 536 .5 1 .63 40,201 722 .8 552 .8 2 .7 108 .9 114 .2
1 .57 38,287 535 .9 1 .63 40,258 721 .4 552 .5 2 .7 109 .8 114 .2
1 .57 38,290 536 .3 1 .63 40,228 722 .0 552 .6 2 .7 112 .9 114 .0
1 .57 38,295 535 .7 1 .63 40,291 720 .1 552 .1 2 .7 112 .0 111 .8





















A 296 .1 57 .0 69 .0 62 .9 OK NA
B 287 .0 60 .2 62 .7 54 .8 OK NA
C 280 .9 49 .2 62 .7 52 .9 OK NA
G 273 .7 54 .7 64 .4 53 .4 OK NA
H 268 .4 44 .2 65 .0 52 .0 No.divot.ejection NA
I 263 .8 56 .5 65 .9 56 .6 OK NA
A 296 .9 53 .3 76 .7 64 .7 OK Trim
B 285 .2 66 .0 68 .2 69 .2 OK Trim
C 277 .7 56 .5 68 .2 70 .1 OK Trim Very	small	foam	piece	flaked	off	at	ejection .
G 265 .2 69 .6 70 .0 71 .9 OK No.Trim
Divot	may	have	tumbled	after	first	full	
oscillation .
I 258 .8 69 .6 70 .0 71 .9 OK No.Trim Divot	tumbled	after	first	full	oscillation.
H 248 .1 70 .1 70 .0 71 .9 No.divot.ejection NA
H 296 .1 44 .2 77 .8 53 .4 OK Trim
G 288 .4 56 .5 67 .1 54 .8 OK Trim
I 281 .2 55 .2 67 .0 54 .8 OK Trim
A 272 .6 55 .2 67 .6 54 .8 OK Trim
B 268 .4 55 .2 67 .5 53 .8 OK Trim
C 260 .6 55 .2 67 .1 54 .8 OK Trim Very	small	foam	piece	flaked	off	at	ejection .
H 299 .0 47 .0 75 .1 49 .7 OK Trim
G 291 .3 54 .3 62 .8 50 .2 OK Trim
I 285 .2 54 .3 62 .7 50 .2 OK Trim
A 277 .4 53 .3 62 .7 49 .7 OK Trim
B 269 .4 54 .3 62 .8 50 .2 OK Trim






























5 1 .74 45,866 508 .0 1 .79 47,722 605 .5 533 .4 1 .9 138 .4 144 .0
1 .75 45,803 509 .8 1 .79 47,599 610 .7 535 .7 1 .9 138 .4 145 .3
1 .75 45,725 511 .7 1 .79 47,332 616 .8 537 .7 1 .9 138 .8 145 .7
1 .76 45,650 513 .8 1 .79 47,213 622 .4 540 .1 1 .9 142 .8 143 .0
1 .76 45,581 515 .7 1 .79 47,030 628 .2 542 .3 1 .9 143 .6 142 .1
1 .77 45,516 518 .2 1 .80 47,018 634 .9 545 .9 1 .9 144 .5 143 .0
6 1 .20 27,108 506 .4 1 .20 27,358 710 .7 508 .6 4 .9 90 .7 76 .5
1 .21 27,118 510 .2 1 .22 27,699 729 .5 514 .9 4 .8 92 .1 79 .1
1 .20 27,120 509 .5 1 .22 27,743 728 .1 514 .5 4 .8 91 .6 78 .3
7 1 .19 27,051 505 .0 1 .19 27,278 707 .2 507 .3 4 .9 64 .8 60 .2
1 .20 27,063 506 .8 1 .20 27,339 713 .0 509 .4 4 .9 63 .9 63 .8
1 .20 27,065 508 .8 1 .21 27,428 721 .4 512 .2 4 .9 65 .2 63 .8
8 1 .20 27,165 508 .1 1 .22 27,786 723 .8 513 .1 4 .8 78 .2 74 .7
1 .20 27,168 508 .4 1 .22 27,768 724 .5 513 .4 4 .8 78 .2 76 .5
1 .20 27,173 508 .6 1 .22 27,761 724 .8 513 .5 4 .8 78 .2 77 .4
9 1 .97 47,191 554 .9 1 .99 48,243 730 .4 611 .9 1 .8 152 .4 164 .6
1 .97 47,257 555 .9 1 .99 48,242 734 .1 613 .9 1 .8 152 .4 164 .6





















H 295 .0 50 .6 77 .6 46 .5 OK Trim
G 287 .6 50 .6 61 .8 46 .5 OK Trim
I 281 .2 51 .1 61 .8 47 .5 OK Trim
A 274 .8 51 .5 62 .3 46 .5 OK Trim
B 267 .6 51 .5 61 .8 47 .5 OK Trim
C 260 .9 51 .1 62 .2 46 .5 OK Trim
D 292 .6 64 .2 33 .0 64 .7 No.divot.ejection NA
E 292 .9 69 .2 24 .3 67 .4 No.divot.ejection NA
F 292 .9 67 .8 19 .9 66 .5 No.divot.ejection NA










E 290 .5 60 .6 39 .9 61 .1 OK Trim











D 301 .4 61 .1 62 .6 63 .8 OK Trim
E 295 .0 64 .2 54 .3 62 .0 OK Trim
F 290 .5 64 .2 54 .2 62 .9 OK Trim
D 299 .3 49 .7 59 .1 49 .7 OK Trim
E 292 .9 53 .3 50 .6 49 .7 OK Trim






























10 1 .53 34,026 569 .4 1 .60 36,186 841 .2 585 .5 3 .3 107 .2 108 .0
1 .53 34,021 569 .5 1 .60 36,195 841 .7 585 .7 3 .3 107 .2 108 .9
1 .53 34,011 569 .8 1 .60 36,174 843 .0 586 .1 3 .3 106 .7 110 .2
1 .53 34,002 570 .3 1 .60 36,201 844 .2 586 .5 3 .3 108 .5 108 .7
1 .53 33,992 571 .1 1 .60 36,086 845 .7 586 .8 3 .3 107 .6 107 .8





















H 317 .9 63 .8 73 .5 61 .1 OK Trim
G 309 .9 65 .6 64 .3 62 .0 OK Trim
I 303 .5 64 .2 64 .4 61 .1 OK Trim
A 293 .9 65 .6 64 .3 62 .0 OK Trim
B 289 .7 65 .6 65 .0 62 .0 OK Trim
C 282 .8 65 .6 64 .4 62 .0 OK Trim Passed	through	the	first	oscillation	before	trimming.with.large.diameter.forward .
16
High-speed Digital Video Camera system
Two	flight-qualified,	high-speed	camera	 systems	were	 required	 to	 achieve	 the	 experiment	
objectives ..The. camera. systems.were. synchronized.with. the. divot. ejection. system,.which.was.
simultaneously. triggered.by. an. aft. cockpit. switch. to. capture. the. images. and. record. them.on.a.
solid-state. recorder. within. the. camera. systems .. The. two. camera. systems. and. data. acquisition.
systems.were.correlated.with.the.onboard.GPS-synchronized,.IRIG-B.time ..The.high-speed.digital.
camera	system	was	comprised	of	the	following	components:	camera	controller	and	recorder	units,	
camera. heads,. synchronization. and. divot. ejection. system. interface. relay. circuitry,. and.M-Hub.
junction	box	(fig.	5).
The.camera.controller.and.recorder.units.were.located.in.the.ammunition.bay.pallet.accessible.






























had.a. cumulative.video. recording.capacity.of.9 .6. seconds ..Based.on.extensive.ground. testing,.




Divot Photogrammetry and trajectories
























34° field of view 67° field of view
Figure.6 ..Camera.pod.views.relative.to.the.Aerodynamic.Flight.Text.Fixture .
Several. factors.were.considered. in. the.aerodynamic.design.of. the.camera.pods ..The. right.





















The. impact. of. the. camera. pods. on. aircraft. stability. and. control. was. predicted. based. on.
comparison.to.other.stores ..The.main.area.of.concern.was.degradation.in.the.lateral-directional.




Company,. Waltham,. Massachusetts,. and. General. Dynamics. Propulsion,. now.Aerojet-General.







































the	 void	 diameters	 and	 depths.	 The	 divot	 sizes	 used	 in	 the	 flight	 test	 were	 selected	 based	 on	



















5.31 in. 3 x 0.50-in. diameter


































3 x 0.50-in. diameter



























Case Void.diameter,.in . Void.depth,.in .
1 0 .31 1 .35
3 1 .30 1 .00
5 0 .56 1 .17
7 1 .67 0 .89
9 1 .68 1 .05
Divot ejection system




details. of. the. pneumatic. system. components .. Pneumatic. system. measurements. included. tank.
pressure,. tank. wall. temperature,. regulated. pressure,. and. gas. temperature. downstream. of. the.
pressure.regulator .
Valves (AFTF Bay 2A)


















































SS-43TS4 3,000 NA –65.to.+150






805764-3312 6,000 18,000 –65.to.+165
Fluid.lines NA 6061T6.aluminum 1,500 6,000 NA
Filter Wintec.Industries..
(Fremont,	California)
12267-556 3,000 NA –423.to.+800
The. pneumatic. system. complied.with.MIL-STD-1552A,. “General.Requirements. for. Safe.
Design	and	Operation	of	Pressurized	Systems”	(ref.	8).	No	relief	valves	were	required	in	the	system,	
because	the	maximum	expected	operating	pressure	(MEOP)	could	not	be	exceeded	by	design.
The. 200-cubic-in. (0 .00328.m3)	 reservoir	 tank	 was	 filled	 with	 nitrogen	 gas	 to	 a	 nominal	
operating.pressure.of.approximately.300.psia.(2,068,427.N/m2).	The	reservoir	tank	was	connected	
to.a.pressure. regulator. that. reduced. the.300-psia. source.pressure. to. the. required.divot.ejection.
pressure,.nominally.40.to.80.psia.(275,790.to.551,581.N/m2).	The	regulator	pressure	was	set	to	
the	desired	ejection	pressure	on	the	ground	before	flight.	The	regulator	was	plumbed	to	solenoid	





in.a. timed.and.sequential.order ..A.relay.card.was.developed. to.provide. the.switching. interface.
between.the.digital.card.and.divot.ejection.system ..The.synchronization.system.instrumentation.
included.monitoring.of.the.digital.card.trigger.impulses .
Two. types.of.divot. ejection. triggering.actions.were.possible,. a. single-mode. trigger. and.a.
multiple-mode.trigger ..The.single.trigger.option.provided.a.single.divot.ejection.and.video.recording.





































































Figure	 11.	 The	 F-15B	 aircraft	 Lifting	 Insulating	 Foam	 Trajectory	 flight	 test	 envelope	 and	.
test.points .




flown.	Figure	12	compares	 the	dynamic	pressures	 from	 the	LIFT	 test	point	 and	 shuttle	ascent.	
























The	 divot	 ejection	 flight	 test	 conditions	 can	 be	 separated	 into	 three	 general	 categories:	.
(1)	maximum	Mach	number,	 (2)	maximum	dynamic	 pressure,	 and	 (3)	maximum	aerodynamic	
torque	 on	 the	 divot,	 embodied	 by	 the	 product	 of	 the	 divot	 moment	 coefficient	 and	 dynamic	
pressure,.Cmq ..The.maximum.Mach.number.test.condition.was.at.Mach.2 .0,.an.altitude.of.48,354.ft.
(14,738	 m),	 and	 a	 dynamic	 pressure	 of	 736	 lbf/ft2. (35,240. N/m2).	 	 The	 maximum	 dynamic	
pressure	 test	 condition	was	 at	Mach	 1.60,	 an	 altitude	 of	 36,124	 ft	 (11,011	m),	 and	 a	 dynamic	



























Because. both. trajectory. analyses. predicted. that. the. divots. could. recontact. the. aircraft,. a.
structural	 damage	 assessment	was	 performed,	 based	 on	 a	 previous	 analysis	 by	Ko	 (ref.	 9)	 for	





















































7.in .,.resulting.in.a.divot.volume.of.0 .0223.ft3.(0 .000631.m3)	and	a	divot	weight,	W,.of.0 .0446.lb.
(0.02023	kg).	Equation	2	was	used	to	calculate	the	divot	terminal	velocity,	Vterm .





The	 divot	 flat	 plate	 drag	 coefficient,	Cd,	 was	 assumed	 to	 be	 1.28	 (ref.	 10).	A	worst-case	
situation	 in	 which	 the	 divot	 falls	 from	 an	 altitude	 of	 50,000	 ft	 (15,240	 m)	 was	 used	 with	 a	












of.1 .8.lbm/ft3.(28 .8.kg/m3),	and	a	“heavy”	foam	density	of	2.6	lbm/ft3.(41 .6.kg/m3).	The	F-15B	
















The	new	larger	camera	pods	were	not	expected	 to	cause	any	significant	changes	 in	 the	aircraft	
flying	qualities.	An	envelope	 expansion	process	was	 followed	 to	 ensure	 that	no	 adverse	flying	
qualities.were. encountered,. especially. for. high. supersonic.Mach. numbers. in.which. the.F-15B.
lateral-directional.stability.decreases .
Table	1	presents	the	details	of	the	aircraft	and	AFTF	flight	test	conditions	for	all	of	the	test	












































































at.roughly.Mach.0 .95.to.a.minimum.of.approximately.0 .5°.at.Mach.2 ..The.angle.of.sideslip.was.






































































Thrust panel acreage bipod 7406
Thrust panel flange bipod 7436




















Of	 the	 42	 shuttle	 foam	 divot	 ejections	 that	 were	 attempted	 in	 flight,	 36	 resulted	 in	























270 1 .23 H 0 .30 1 .0520 0 .7295 1 .44 0 .891
271 1 .63 H 0 .30 0 .9560 0 .6195 1 .54 0 .788
272 1 .79 H 0 .30 0 .9475 0 .7450 1 .27 0 .846
277 1 .60 H 1 .30 0 .7585 1 .0170 0 .75 0 .888
274 1 .20 E 0 .56 1 .1380 1 .5115 0 .75 1 .325
275 1 .22 E 0 .56 0 .9220 1 .4055 0 .66 1 .164
276 1 .99 E 0 .56 1 .1280 1 .4875 0 .76 1 .308
269 0 .72 B 1 .30 2 .0460 1 .7970 1 .14 1 .922
270 1 .22 B 1 .30 2 .0080 2 .1390 0 .94 2 .074
271 1 .63 B 1 .30 2 .1235 2 .2035 0 .96 2 .164
272 1 .79 B 1 .30 2 .1370 2 .0770 1 .03 2 .107
277 1 .60 B 1 .30 2 .0640 1 .9525 1 .06 2 .008
269 0 .71 C 1 .67 2 .3680 2 .1690 1 .09 2 .269
270 1 .22 C 1 .67 2 .4435 2 .4195 1 .01 2 .432
271 1 .63 C 1 .67 2 .4975 2 .6120 0 .96 2 .555
272 1 .80 C 1 .67 2 .5565 2 .7075 0 .94 2 .632
277 1 .60 C 1 .67 2 .6570 2 .6165 1 .02 2 .637
274 1 .19 D 1 .67 2 .7810 2 .7105 1 .03 2 .746
275 1 .22 D 1 .67 2 .4625 2 .4750 0 .99 2 .469
276 1 .99 D 1 .67 2 .6170 2 .4375 1 .07 2 .527


















1 .78 0 .65 2 .74 41 .3 0 .00037 0 .0008 0 .04
1 .58 0 .65 2 .42 45 .5 0 .00030 0 .0006 0 .03
1 .69 0 .65 2 .60 43 .0 0 .00034 0 .0007 0 .04
1 .78 1 .00 1 .78 76 .6 0 .00108 0 .0023 0 .06
2 .65 0 .83 3 .19 38 .5 0 .00111 0 .0023 0 .09
2 .33 0 .83 2 .80 43 .2 0 .00088 0 .0019 0 .07
2 .62 0 .83 3 .15 38 .9 0 .00108 0 .0023 0 .08
3 .84 1 .00 3 .84 38 .2 0 .00325 0 .0069 0 .18
4 .15 1 .00 4 .15 35 .1 0 .00368 0 .0078 0 .21
4 .33 1 .00 4 .33 33 .5 0 .00394 0 .0083 0 .22
4 .21 1 .00 4 .21 34 .5 0 .00378 0 .0080 0 .21
4 .02 1 .00 4 .02 36 .4 0 .00349 0 .0074 0 .20
4 .54 1 .11 4 .09 37 .8 0 .00520 0 .0110 0 .25
4 .86 1 .11 4 .38 34 .8 0 .00581 0 .0123 0 .28
5 .11 1 .11 4 .60 32 .8 0 .00629 0 .0133 0 .31
5 .26 1 .11 4 .74 31 .7 0 .00661 0 .0139 0 .33
5 .27 1 .11 4 .75 31 .6 0 .00663 0 .0140 0 .33
5 .49 1 .11 4 .95 30 .2 0 .00708 0 .0150 0 .35
4 .94 1 .11 4 .45 34 .2 0 .00596 0 .0126 0 .29
5 .05 1 .11 4 .55 33 .3 0 .00618 0 .0131 0 .30



















270 1 .22 A 1 .68 2 .1955 2 .3200 0 .95 2 .258
271 1 .63 A 1 .68 2 .2180 2 .3170 0 .96 2 .268
272 1 .79 A 1 .68 2 .2350 2 .3890 0 .94 2 .312
277 1 .60 A 1 .68 2 .3125 2 .2055 1 .05 2 .259
274 1 .21 F 1 .68 2 .2390 2 .1680 1 .03 2 .204
275 1 .22 F 1 .68 2 .2745 2 .2460 1 .01 2 .260
276 2 .00 F 1 .68 2 .2835 2 .1905 1 .04 2 .237
269 0 .61 G 1 .68 1 .9425 2 .0020 0 .97 1 .972
270 1 .23 G 1 .68 2 .2460 2 .2310 1 .01 2 .239
271 1 .63 G 1 .68 2 .2460 2 .2810 0 .98 2 .264
272 1 .79 G 1 .68 2 .0845 2 .0815 1 .00 2 .083


















4 .52 0 .95 4 .75 33 .8 0 .00443 0 .0094 0 .24
4 .54 0 .95 4 .77 33 .6 0 .00446 0 .0094 0 .24
4 .62 0 .95 4 .87 32 .8 0 .00460 0 .0097 0 .25
4 .52 0 .95 4 .76 33 .8 0 .00444 0 .0094 0 .24
4 .41 0 .95 4 .64 34 .9 0 .00427 0 .0090 0 .23
4 .52 0 .95 4 .76 33 .8 0 .00444 0 .0094 0 .24
4 .47 0 .95 4 .71 34 .2 0 .00437 0 .0092 0 .24
3 .94 0 .95 4 .15 40 .0 0 .00360 0 .0076 0 .19
4 .48 0 .95 4 .71 34 .2 0 .00437 0 .0092 0 .24
4 .53 0 .95 4 .77 33 .7 0 .00445 0 .0094 0 .24
4 .17 0 .95 4 .39 37 .4 0 .00391 0 .0083 0 .21
4 .66 0 .95 4 .90 32 .5 0 .00465 0 .0098 0 .26
42
All.of.the.divot.ejections.were.captured.with.high-speed.digital.video.at.2,000.pps ..Figures.
20	 and	 21	 show	 composite	 digital	 video	 frame	 captures	 of	 divot	 ejections	 from	 flight	 9	 at	.
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Divot shape and size
The.ejected.divots.had.a.conical.frustum.shape,.in.which.the.larger.and.smaller.diameters.
are	 defined	 as	 the	 divot	 diameter	 and	 void	 diameter,	 respectively.	 Figure	 25	 defines	 the	 divot	



























































after. one. oscillation .. Figure. 27. shows. the. situation. in.which. the. divot. trimmed.with. its. large.
diameter	facing	upstream	during	flight	10	at	Mach	1.6,	an	altitude	of	36,124	ft	(11,011	m),	and	
a.dynamic.pressure.of.848.lbf/ft2.(40,602.N/m2).	The	divot	did	not	cleanly	eject	from	the	AFTF;	
instead,. the. downstream. edge. of. the. divot. fractured. into. several. smaller. pieces ..The. resulting.
asymmetrical.divot.was.ejected.and.passed.through.a.yawing.oscillation.before.trimming.with.its.
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